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ABSTRACT

Technology in Growth”
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empincal research — macre and micro — bearing on R&D as an engine of
growth. Taking R&D to be key, while recognizing the significance of economic
inceniives, emphasizes knowledge as an economic object and, more
generally, the economics of intellectual property rights. This paper argues that
property nghis matter, but in subtle counterintuitive ways, not vet fully

investigated in research on endogenous growth.
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NON-TECHNICAL SUMMARY

This paper reviews the role of research and development (R&D) in
endegenous growth theory. [t describes the existing empincal research that
bears on R&D as an engine of growth.

How to alter the underlying growth trend of an economy i1s a policy question
that confronts all modern societies. One widespread view is that, for those
economies identified as less developed, growth can take place by learning
from or copymng those more advanced. For the latter, however, no such option
is available. Only by pushing the envelope of knowledge or technology can
these already-advanced econamies continue to grow. Since R&D s the most
immediately wisible mechamism by which technology can be thought to
progress, it must therefore be the engine of growth in the advanced
sconomies. More R&D leading to raised levels of technology must therefore
be good for economic growth.

This reasonmg Is appealing and seductive. It calls for theoretical medelling to
clarity the mecharusm by which R&D translates into mnproved technology and
then to increased growth. Without ihis, we cannot understand the incentives
that drive economic actors to do less or more R&D; we cannot investigate
whether outcomes are socially efficient. At the same time, the reasoning calls
for empincal analysis to assess the connections between R&D, direct
measures of iis accumulated outputs, and ultimately aggregate econormc
growth.

Our first key conclusion can be stated simply in ihe following set of related
statements.

1. All analyses recognize that technologieal progress (or, is concrete
manifestations, accumulated stocks of A&D) is an important engine of
growth.

2. All analyses acknowiedge the significance of economic incentives for
determining growth outcomes.

3. Knowledge is the accumulation of R&D output, broadly interpreted.

it follows, as a matier of logic from these ohservations, that the economics of
knowledge must underlie appropriate policies for growth. In this view, the
nights accorded intellectual property become central. What is far from settled,



though, are questions concerning the efficiency, desirabifity and precise nature
ot alternative systems of intellectual property rights.

Intellectual property nights, we argue, should be taken to mean not only
patents or copyrights. Instead, a broader notion — mncluding, among other
things, trade secrets, lead fime, or even just the process of learming by doing —
is more usetul. In this expanded view, it might be altogether relevant to take
into account the conventional trade-cff between, on the one hand, the ex-anie
private incentives for individual agents to create knowledge and, on the other
hand, the ex-post social inefficiency in preserving private monopoly on that
created knowledge. Alternative institutions, such as patronage and
procurament, also have optimality properties under particular economuc
environments. Moreover, historical examples of these alternatives have
existed in the real world, and continue to do so. in the same vein, we argue
that it is not insightful to view knowledge accumulation or technological
progress as deriving from just private-sector R&D.

We have organized the paper's discussion of the empincal evidence to parallel
that of the theoretical research. We evaluate the evidence along three broad
hypotheses:

1. The positive relation between technology growth and the quaniity of
resources devoted to improving technology (traditionally taken to be the
resources used for private-sector R&DY;

2. The appropriateness of using an aggregate stock of patents (weighted or
unweighted) to proxy the muiti-dimensional attributes in technology;

3. The public availability of the current state of technology for further research,
when 1 principle that technology is protected only for owner use n
production.

We conclude that the empirical evidence provides some support, although not
enthusiastically, for 1 and 3. instead, the data speaks more strongly and more
interestingly on caveats and subtleties in 1 and 3, and do not merely endorse
or reject the hypotheses outright. On 1, the data do show correlations between
individual firm R&D and patents, and aiso between both R&D and patents, on
the ane hand, and firm performance measures, on the other. The correlations
do not, however, systematically confirm simple mechanisms at the aggregate
leve! between research resources and economic growth and macroeconomic
performance.



On 3, the empirical evidence suggests that knowledge spillovers do occur.
They are, however, concentrated in spatial, indusiral, and political clusters
and flow only through specific mechanisms {e.g. trade imports). This runs
counter to theoretical predictions, arsing from the mtnnsic properties of
knowledge.

Finally, in our [udgement, the empirical evidence refutes 2. Most tefling for this
are the survey results that find product and process patents to be less
effective than practically any other form of intelfectual property protection.
Lead time, moving down the learming curve, secrecy and sales or service
specialization are all routinely viewed to befter protect economically valuable
ideas.

Moreover, a significant traction of R&D is carried out by other than profit-
seeking private agents. in 1996, government-funded R&{D accounied for
between cne-third and one-half of total R&D expenditures in the United States
and Europe: In Germany, 37%; United Kingdom, 32%; United States, 34% and
France and ltaly, approximately 45% i each.

The mmportant difference between private and public R&D (s not what is
researched, but instead the incentives of the researchers invoived.
Understanding the macroeconomic and growih implications of this is not
straightforward but, we think, important.

The caveats and cautions we describe in the paper are meant to be
constructive. They pomnt to further research necessary for properly
understanding the roje of technology in economic growth.






1 Introduction

This paper reviews the maw msights from the theoretical R&D endogenous
grawth literature, and summarnzes empirtcal counterparts to that theoretical
work.

A key canclusion can be simply stated in the following set of related
statements.

1. All analyses recogmze that techaological progress (or, one concrete
manifestation, R&D) is an important engine of growtl:.
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. Al analyses acknowledge the significance of economuc ncentives far
determining growti cuicomes.

3. Knowledge 15 the sccumulation of RED output, broadly mterpreted.

It Tollows that the economics of knowledge must underly appropriate policies
for growth. In shis view the nghts accorded intellectual property become
central. However, the efficiency, desirability, and precise nature of alierna-
tive systems of intelleciual property nights comprise ssues that are far from
settled.

Within this broad agenda, the lterature has instead emphaszed ondy
private-sector R&D and patents, respectively, as the forms of invention and
rewards. As we see it, this focus has ansen for four reasons:

o Tools for modelling private sector b shaviar are well-developed.

e Data on R&D and patents exist to mativate and test hypotheses on
growth.

s R&D 15 a readily-identifiable facter input for knowledge praduction in
many technelogy-driven 1ndustries.

e Patents are a readily-identifiable i unperfect measure of knowledge
output.



Economics focuses on the imcentives that confront private individuals
and firms. The endogenous growth literature follows this tradition 1n mod-
eliing technoiogical progress to result largely from imcentives facing profit-
maximizing firms. In the theoreticat literature firms n the private sector
fund and carry out R&D: this, in turn, 15 the paradigm typically examined
n empirical work.

Such a focus might seem excessively narrow. However, this “private R&D
with patents” scenario has developed tirough a serics of sensible decisions.
Each step along the way applies the traditional tools of economic analysis—
optindzing behavior and equilibnum outcomes. Where the reasoning be-
comes subtle, however, 1s that R&D cutput——accumulated knowledge—is -
fimiely expansible {see beiow): It can be used by many withoul itself being
drawn down, and thus has some of the nature of a public good.

But firms perform R&D only if they can appropriate the rents from 1t.
The mechamsm for such appropriation is typicaliy assumed to be patenting
which, it concept, alse simultaneously reveals the patent information to all
other interested agents. That knowledge, although revealed, 1s then protected
in that only 1ts owner caa use it to produce final output. The wformation in
the patent, on the other hand, can be used for additional R&D by rival firms.
This allows the infinite expansibility of knowiedge to generate increasing-
returns effecis on the economy averall,

Patent data are plentiful and, at face value, relinble. The empinical litera-
ture has therefore been able to expioit the substantial micro- and macro-ievet
data on R&D and patenting. Patents and R&D proxy knowledge production-
function cutputs and inputs, and can therefore be used m empirica? produc-
tien function analyses, The theoretical literature has, m tura, used those
empirical findings to motivate and justify alternative modelling strategies.

As we discuss below, this private-sector R&D-patenting model 1s highly
vertinent for certain industries. In se far as this description of knowiedge
accumulation 15 adequate, the thecretical and empirical literatures provide
credible specific policy recommendations. However, many important forms
of knowledge accumulation fall outside this paradigm.

The rest of this paper 1s organszed as follows. Section 2 relates msights
from earty growth moedels to these from more recent R&D-driven endogenous
growth modeis. Towards the end of the section we discuss some broader ques-
tions on economic growth and knowledge as economic property: Research
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here 15 thin and, we argue, has thus far failed to deliver concrete conclusions.

Section 3 summarizes some of the principal results from empirical work
examimng the effects of R&D and patents on economic performance of both
firms and the aggregate economy. We refate the micro and macro findings
to key leatures of the knowledge accumulation process in R&D-driven en-
dogenous growth theory. Some of these latter are consistent with empirical
findings. Others are not.

Our conelusions from this survey of R&D and econcmic growth are as
follows. We see a continung zeed for theoretical and empincal research 1n
this area. While the private-sector R&D/patent framework provides essential
groundwerk, it s, in our anaiysis, importast Hmitations. Most knowledge
accumuiation does not occur from private irms' R&D producing patentable
knowledge. Nor 15 it clear that the instituticnal mechamsms producing and
demanding knowledge more broadly are weli understood.

2 Development of the literature

Robert Solow's {71} analysis of economic growth-—with its emphasis on in-
come being driven by transitional dynamics in capiial—is so mnfluential and
far-reaching that many take physical capital accumulation to be the defining
feature of neaclassical growth theory, Following quickly from this is the sug-
gestion that neoclassical theory asserts capital accumulation is the prineipal
engine of econamic growth.

The observed cross-country varsation in savings rates and per capita -
comes refutes this sugzested importance of phystcal capital (e.g., Lucas |35},
Romer [64,66]}. If one mmntains that physical caprial accumulation s the
mam source of vanation 1n mcomes, thea—under plausible calibrations of
ey parameter values—savings rates in the nich developed cconomies should
be orders of magnitude larger than those m the poor developing ecenomies.
That predicted range turns out to be greater by far shan the observed range
in reality. Tins tnconsistency has been used to argue that neoclassieal the-
ory provides no credible guide to understanding economic growth. Instead,
technological progress and its determinants are deemed central.



2.1 Origins

Early on, however, researchers 1n the neoclassical tradition were aiready doc-
umenting the importance of technological progress n economic growth. '

After noting real US net national product per capita grew four-fold be-
tween 1869-78 and 1944-53, Abramowitz |1] concluded:

“The source of the great increase 1 net product per head was not
manly an increase m labor mput per hiead, not even an 1acrease
i capital per iead ... Its source must be sought principally in
the complex of littie understood forces which caused productivity,
that 1s, output per umt of utilized resources, to rise.”

Kendrnick |51} considered US econmnic performance from 1899 to 1953, and
concluded that totai factor productivity (TFP} explained 53% of the growih
m real aggregate cutput over that half century. Solow's own study |72]
showed technical change accounted for 871% of the growth m US gross output
per manhour over 1909-49,

This sample of findings 15, mareover, no artifact of hindsight sample se-
lection.? Indeed, its message 15 how Arrow 6| begins a classic 1962 article:

Y An unportant difference between more recent empirical studies and these
published 1 the mid 1950s is that the [atter {ocused almost exclusively on
time-series evidence for a single country, while more recent ones, exploiting
studies such as Maddison 56| and Summers and Heston |74[, explott vanation
across countries as well (Durlauf and Quah [23}).

? To pe ciear, our goal ss not to claim this 15 the iast word on TFP mea-
surement. Far from it: We intend stmply a summary statement on the then-
extant state of knowledge 1n necclassical growth research. We do not men-
tion, for stance, the farge literature following Jorgenson and Griliches 48]
that examines quality adjustments 1 facter inputs (although it seems to
us that, conceptually, adjusting for quality cannot show technology to be
umimportant—what 15 guality after all but technology?). The tabulation
given 1n Barro and Sala-i-Martin {9, Table 10.8| shows 1t 15 the more re-
cent empirical research that has dowaplayed the wnportance of technologicai
progress, although admittedly TFP’s contribufion ic growth remams large.



“It 15 by now incontrovertible that increases m per capita income
cannot be expiained simply by increases in the capital-labor ra-
tie”

By 1969 the economics literature on technology and growth had progressed to
where a collection of papers (Stiglitz and Uzawa [73}]) identified the followmng
155Ues;

1. What determ:nes the rate of technological progress? [Is 1t purposeful,
or is 1t only incidental to some other deliberate investment, say, physicai
capital accumulation? What government policies influence 187

]

. Does technological progress affect different factors differently? (Are
certain kinds of techuical change iabor-saving? Capitab-saving? [Bi-
ased agast tabor of different skill levels?]) What economic factors
determine the differential effects if any?

3. How docs new technolegy manifest m the economy? Is technology
embodied 1 physicai capiial necording to different vintages? {How
does new techuology affect the preductivity of older capital and carlier
investment?|

These questions remam the subject of intense and active research 1n the
present.”?

It is striking low these questions (by 1969!) bear phrasings that deny a
sharp distinction between “old" and “new" growth theories. Under one (not
especially generous) 1nterpretation, recent theories of growth simply carry

Tt scoms that what many now consider the neoclassical preoccupation with
physical capital accumulation for growth 15 the opposite of what researchers
then actually thought. [nstead, that imputed preoccupation follows anly
more recent empirica analyses. At the same time, however, it 1s the more re-
cent theoretical work on endogencus growth that emphasizes the importance
of techmical progress.

3 The questions in square brackets might not be exactly as expressed 1n
the early papers, but are 1ssues still being researched that are certainiy not
out of place relative to the others found here.
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forward, m different guises, the msight that technical progress s endoge-
nously determined m economically interesting ways. Early growth theonsts
certatnly were aware that technical progress might nob be exogencus. As in
the old joke about economics examinations, it seems that the [undamental
guestions have for long remained the same; oniy the answers have changed.®

2.2 The neoclassical mechanism

One can strip away the jong-familiar emphasis on physical capital accumula-
tion, and remterpret the formalism of Solow’s {71 neaclassical framework 1n
a way consistent with the time-series empirical observations just deseribed
{and, indeed, cross-sectional as well).

Let y;(¢) and &;(t) denote, respectively, output and capital per worker in
economy 7 at time {:

yi{t] = Y5() /() k() = Ka)/v5(2),

with ¥, and K& the corresponding aggregate guantities, and ; the total
number of workers. Write 4;(t) for the state of technology in 7 at ¢, and
suppose that output and capitai are related by the production function

Yy = F(EG, NjAj) == gy = Pk, Aj) = A, f(k;/45), ey

where, by the notatien, F 15 homogenous of degree [. Assume the worker-
intensive production function f satisfies

F>0, " <0, and fim f()E™ =0, (2
—0a
and 1§ commaon aCross economies.
Let N; and A; evolve, respectively, as:
Ny/N;j=v; >0, Ni{0} > 0, (3)
}ij/."&j = 5,’ > 0, .‘11(0) > G, {4)

T For instance, even the most cursory look at the older [iterature reveals
1ts obsession with the potential mnstabilisy of the dynamics and with the
incipient pathology 1n defining the production function, neither of which are
any longer censidered central to economic discussion.
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and let physical capital decay at a constant expenential rate & > 0 common
aCrosS cconomies. Assume savings is a constant fraction 7 of total income
and transforms inte physical capital according to:

.K) =Tj—Y,-—61\’,-, Tim (ﬂ,l],
so that

kj:/.iif—.‘il'/:i,‘:?jw-*(é-l-v}'-i'éj}. (5)
#if A
Equation (3) says the workforce m economy j grows smoothly at rate ;.
Similarly, {4} says the state of techuology or TFP grows at tate £;.

Nao econotc model mplies that 4, has to be the same across j. Rather,
the standard interpretation of the neoclassien! modet simply assumes so. At
this level of reasoming, it 15 unciear why one assumption—equality of A’s
across economies—s better than any other. Indeed, one might argue that to
clarify preaisely this pont 1s one of the purposes of a uselul economic model
of technology and growtit.

Standard reasommng, c.g., Fig. |, shows that model {1)-{3) dispiays a
balaneed-growth equilibrrum with

yiluy = kyfly = AyfA = &,
and thus a steady-state path for output

logy;(t) = log f{[k/AI"} + log At
= log f ([k;/ A7) + log A{0) + &5 - ¢ (8)
déf Fj,n -+ Ej <.

Outside of balanced-growth equilibnium, cutput per worker follows a conver-
gent trajectory to ifs steady-state path (6], re.,

legy,—(t) = lOg ?j;(t} -+ ilog y,-(G] - FjlalﬁA't, {7)
where

A= M+ +£5f) <0
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15 the rate of convergence. In (7} output per warker 1s driven by two [actors:
First, technical progress, described in i}, which simply grows at rate 4;/4; =
&, Second, convergence, which when log y;(0) < T, produces growth at rate
—~Aj. (Take, for instance, yz i Fig. 2.)

An important feature of the growth path (6)-{7) is that given a market for
1avestiment that path cag be achieved through the competitive mechanism,
and, moreover, attains social efficiency.®

From Fig. | the definition of |k/A|* as the intersection of the two loa
means there 15 an increasing function g for which

Pin = g{(8 4 v + &) "r5) + log 4;(0).

Fig. 2 graphs some potential timepaths for (7): Note the wide range of
belavior that 1s possible.

Our unmediate goal s to reconcile predictions (7} and Fig. 2 with eco-
nomic growth observaticns in reality. First, take the evidence on the relative
importance of technofogical progress versus capital accumulation for explain-
mg growth. In {7) the two components log y;{t) and [leg 1,;{0) — Tale* evolve
due to technological progress and physical capital accumulation, respectively.
Saying the first 55 more important than the second 1s then stmply saying that
log ;{0) 15 a particular distance from its steady state eounterpart [, or 11
words, how far the econoray s from steady state. In the model technological
progress accounts for ali of observed growth when logy;(0} happens to be
exactly at ['g. By contrast, if logy,;(0) — [ s sufficiently large, then capital
accumlation explans most of the observed dynamics m ;.

Put differently, using the estimated importance of technological progress—
m historical time-series data——to cast doubt on the neoclassical model {1)-(5)
1s nothing more than taking a stance on how far an economy 15 from steady
state. Without independent knowledge of where steady state 15, historical
time-series data do not allow us to reject the neociassical model.

What about the cross-section behavior of incomes? Can the neoclassical
model be reconciled with the pattern of incomes and savings rates we observe

% The derivation 15 so well-known that it hardly needs further elaboration,
although different expositions m the literature emphassze different details.
Qur discussion follows Durlauf and Quah (231
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across econcmies? Fig. 2 provides one answer. If A; 18 permitted to differ
sufficiently across economies, then almost any behavior m cross-sectional m-
come dynamics can be accommodated in the modei. Arguments that suggest
the opposite svanably assume A;'s identical across countrics.

The 1ssues just described are hardly substantive economic anes: they will
not be resolved by application of economtc theory. More to the point, many
observers (ourseives included) find unconvincing the reconciliation just of-
fered of empinical evidence and the neoclassical model. The model, when
it assumes unvestricied A's amd To's, has too many degrees of freedom to
shed light on the umportance of technalogy versus capital accumulation m
economic growth. But what should replace the unrestricted (4, I'g) assump-
tion? Simply taking the other extreme of requiring A's and ['y's to be iden-
tical across economics cannot be satisfactory erther. Nor do we know how
far ccononues are from steady state—a different question, certatnly, from
knowing what the rate of convergence A might be.

Ta summarize, the prablem is not just bemng able to explam the empirical
fucts or bewg able to generate growth i an explicit model. In the modei
(3)-(5) we cannot discuss the mcenatives that form A, the economic mecha-
nisms that explain A's evolution through time, and the economic reasons for
A;'s distribution across countries. Without knowiedge on these, no policy
recommendation can pretend to be well-informed. These questions lead us
naturaily to models of endogenous technological progress.”

& A pgreat deal of empirical growth research takes a flexible approach {rom
here: Explaimng econamuc growth 1s, m that research program, finding ex-
planatory variables—technology or otherwise—that correlate strongly with
(proxies for) +; across countries. In effect the rescarcher writes £ on the
night of (3} as a function of particufar observable cconomic or political van-
ables. This research strategy underscores that while the ongmal neoclassical
model refers to A as technology or knowledge, no rigorous economic reason-
ing preciudes A's being something else. In this paper, though, we concentrate
exclusively on s origmal interpretation as technology.
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2.3 Endogenizing technology

Kenneth Arrow’s 6f model of learming by doing 1s widely viewed as the frst
rigorous attempt o endogenize fechnological progress A/d = £.

Interestingly, owever, techmicai change in the mode! mvolves no delib-
erate econotmic decssion. Instead, technical progress 15 an inadvertent con-
sequence of yet other economic actions, wn this case the act of investment.
Incentives that affect mvestment affect, at the same time and in the same
way, techrofogical progress.

The model can therefore provide only an ncomplete i useful first step.
A different but related pownt: The model aiso describes an explicit econemic
enviromment generating {rom first principles a production lunction with ex-
ternalities 1n capital (as used 1, e.g., Romer |G4]).

The model delivers an mieresting set of implications:

t. The analogue of the production function (1} will show, under one 1~
terpretation, mereasing refurns to scale in K and N,

[

. Nevertheless, compeusation to the factors of production m decentral-
ized markets will just exhaust total product,

3. Market equilibnum displays undennvestment relative to the socally
efficent outcome.

4. Growth in y will, as m the neoclassical model, occur at the same rate
as that m k and A. But A/A4 now 1s endogenous 1n that 1t depends
on (part of the) economic environment, namely population growth.
Significantly, however, incentives to capital wvestment do not affect
the steady-state growth rate.

In the modet suppose that technology is embodied entirely in physical
capital, and that its Ievel varies with the accumuiation of all past investment
activity. Simplify by assuming no depreciation (i.e., § = 0 in the notation
above), so that accumuiated imvestment is the same as the aggregate capital
stock J.

From these assumptions technology ievels can be mdexed by & € 10, K.
Denote by Y(r) and A (x) the cutput capacity and labor requirements, re-
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spectively, of technology level x, where
V=0 and N LA (8}

With advances in technology, output capacities rise (or, more accurately, do
not fall} and labor requirements fall. We have simplified by assuming that J
and N depend only on ; no substitution possibilities are available. However,
producers can choose not {o eperate specific technologies.

From {8) it is clear that if a certain technology w18 unused, then so are all
techrologes with indexes less than & Thus, there s a shutdown threshold
I € [0, K such that no producer operates any technology with index less
than K. Define the mtegrals

K iy
Y{K} = f Victds and N{K) = -[ Nk dr.
o 0
Aggregate output and employment are then
K
Y= Wr)dr = Y{K} - Y{{}

K

I
N= | N(x)ds=NK}-NEK).

K

Invert the last cquation to soive for the shutdown threshold as a Tunction of
employment

K= NTHN{K) - N}
Using this 1n the equation for aggregate output gives
Y =Y ~ (Yo NTH (N(K) - N). {9)

As Arrow {6 pomts out equation {9} 1s sumply an aggregate production fune-
tion 1n K and N. The novelty 15 that 1t has beea denived from a more expliait
microeconomic deseription meoerporating, from the begminming, a formulation
of technology.
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Equation (9} can be rewritten in the form (1). To see this, it 13 casiest to
work out an explicit example. Assume the functional forms for capacity and
labor requirement:

Yiej=a and N{x)=gx"7, with o, 3, > 0.
Using these in (9} and dividing through by & we have

1= (1~ 54K7) ’]ak iy L,

v= s
I— {eml%) } ak fy= L.

Defimng A{K} = K7 this 15 ssmpiy:

1-{1-214 ﬁ}ak iy 1
y=F(k,A}=j ( o ) o (10}
1 1= ()| ak iy =1

Inspection shows that equation {10} = homogeneous degree | m & and 4
and thus is covered by {1). When private agents take A w {10} as exoge-
nousty given, then this s, moreover, exactly the model specification used m
Romer [64]. Conversely, taking into account that 4 depends on A we rec-
ognize that the preduction function (9} shows increasing returns in K and
N.

Homogeneity of degree | in F implies that i balanced growth,

vy =kjk = A/A.
But by definition we also have
AfA=vK/K.

Combining these relations, and provided that v < |, balanced growti occurs
with

vy = AfA = KK = T—”’L:N/N. (1}
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Arrow [6] shows that: {a) compensation to labor and capital can occur
sensibly despite increasing returns wn {9); (b) competitive equilibrium ex-
ists and exhibits underinvestment refative to the sooal optimum. However,
despite {b}, steady-state growth rates are identical under both the competi-
tive and socially efficient outcomes, as one would expect [rom the argument
leading up to (11).

The model has of course endogenized technology . Since steady-state
growth, again, depends on technological progress, it teo is sunilarly endoge-
nous. However, that endogeneity leads only to a dependence on population
growth as the detersminant of growth. The analysis provides no positive mes-
sage on the ability to \mprove economic growth through, say, encouraging
capital investment. Indeed, such a poficy would hiave no growth implications,
only level ones—which could, of course, be substantial but are of less interest
here.

2.4 Further endogenizing technology

The work of Aghien and Howitt {5], Grossman and Helpman |36}, and Romer |65]
are likely the best-known for providing explicit theoretical models of endoge-
nous technological progress. Unlike the analysis discussed above, these mod-
efs produce equilibnia where the growth rate of technology is affected by
econonuc ncentives on capital accumulation or R&D or both. At the same
time, their microeconomic implications are novel and interesting. The modeis
display the tension between, on the one hand, policies that allow uncompet-
itive behavier on the supply side (incurring welfare fosses 1n the process} so
that, on the other hand, technical innovations and therefore economic growth
are fostered.

As described in Jones |46} and Jones and Williams [47], these endogenous-
technology models share a common structure. They all replace the techmeal
progress equation (4) with a version of

AJA =GR, A), (12)

where [T,y quantifies the resources—skilled labor, R&D spending, research
scientists and engineers—devoted to mmproving technology, and A describes
(the possible absence of} scale effects. In equilibrium, again, balanced growth
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arises so that A/A s then also the growth rate of per capita mcame or per
worker output.
In the simplest versions of these models {12) 15

.‘i/’A = G(R,‘) = R;i._ {13)

where, for mstance as 1n Romer [63], B, might be the total quantity of
skilled labor working m the aggregate research sector. Here, modulc general
equilibrium effects, providing incentives for the skilled to move 1nto research
improves the rate of economic growth.

Jones 46| argues forcefully against modeis of endogenous techmcal progress
of the form {13}, He observes for the advanced economues that while every
reasonable measure of /2,y has increased dramatically s the last half century,
per capita income growth rates have either remawned roughly constant or
gven declined. For example, US scientists and engineers employed in R&D
mereased five-fold from 1950 and 1990; average US growth rates did nothing
anywhere near this.”

Function G in {13} need not, of cousse, be linear 1n ;. However, almost
all models of endogenous technical change {and certamly those of Aghion
and Howitt [5|, Grossman and Helpman [36], and Romer 165}) yield that
fineanity from explicit microfoundations. Jones |46] labels this & scale effect,
and argues that 1t 1s this feature that empineally mvalidates these madels.

Jones’s preferred alternative specification obtains instead from the fol-
lfowing reasoning. Identify A as the stock of ideas, and suppose that

A=pRE,  8e(0,1

i.e., the flow of new ideas varies with the quaniity of resources devoted to
research. The factor 5 can be iterpreted as the arrival rate of new ideas

7 Jones {46} and Aghion and Howitt 141, among others, point out that the
increase 11 R&D mvestment was possibly not as high as the data suggest. Af-
ter the Second World War as R&D activities became mereasingly routine and
separately accounted {or, their measured resource use increased regardiess of
any real resource wncrease. The scale effects predicted in some endogenous
growth modeis might therefore not be as unreasonable as instially thought.
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per effective research unit. When # = 1, an effective research umt 1s just
the same as an observed research unit. When # < §, however, research units
can be viewed as congested: There might be, for instance, overlap between
projects run by different researchers. (e.g., Dasgupta and Maskin 120}).
The arrival rate j depends, in turs, on the stock of ideas already extant:

J’3 = {L”l‘:', n> 0-. d’ € ("-O0,00).

When ¢ < 0, the stock of ideas outstanding bas begun to run cut; when
¢ > 0, ideas build on other ideas aiready discovered.

Putting these together gives the specification in Jones |46} and Jones and
Williams {47]:

AfA =GR, A) = pREAT (14)

Siandard scale effects obtaln when § = ¢ = L.

When ¢ < 1, scale effects are no longer present; since ¢ can be positive,
ideas can still build on ideas extant. However, (14) then implies growth
dynamies that only mumie {11} m Arrow's moded of learnimg by doing. In
balarced growth, A% and 4'~% grow at the same rate so that

[
Afd = mﬁ"/ Ry

When R4 evolves i constant proportion to the population or the labor work
force, then this is exactly {11}, the growilh eamation in Arrow’s model of
learming by doing.

2.5 Some ocutstanding issues

Although sot emphasized above, some of {in our view) the most interesting
cconormc 1ssues surrounding technological development relate to the peculiar
characteristics of knowlerdge when viewed as an economie commodity. Em-
phasizing knowledge as the cnitical factor mput 1 economic growth while
at the same time recognizing the unportance of incentives cannot but raise
questions regarding property rights on knowledge.



~16-

The wntrigumg properties of knowiedge as property were first ohserved
1 the formal economics literature m a different 1962 publication of Arrow's
(Arrow [7]).* More recently, Romer {65] has used them to arguc for the
necessity of imperfect competition {and transient inonopolies) 1n models of
endagenous technology and growth, a Schumpeterian view shared also by the
models 1r Aghion and Howitt §5] and Grossman and Helpman [36].

The argument goes as follows. Knowledge and ideas are mfinitely ex-
pansible {or nonsvalj——unlike physical matenal factor mputs they can be
used arbitrarily everywhere without runmag down their usefuiness i any
one piace or at any one application.? Applying the usual replication argu-
ment to standard capital and !abor factor mputs, the production function
tierefore displays increasing returns. Then, perfectly competitive markets
and margmal product compensation to factor mputs would more than ex-
haust totai output. An clement of mononoly or other market imperfection
cireumvents this potential failure, 1s necessary to allow sensible market equi-
librum, and, moreover, generates rent to support research activity.

Equilibrium with these features can be supported by a patents system or
some other structure that protects mnteliectual property nights. Despite the
ex post mefficiencies shat such systems generaie, they provide the ex ante
econonie ncentives to allow ongeing generation of ideas and thus technalog-
wal progress.

We do not disagree with the motivating observations on knowledge as
eononuc objects grven in Arrow [7|. Indeed, we think those insights assume
increasing refevance as modern economies grow and structurally transform. 0
However, we think there has been over-emphasis here on the supply side of
the cconoty, L.e., technology only to push back the frontiers of the produc-
tion function. Instead the comsumption and disscrmnation aspects of new
technology are arguably just as important, and the factors that matter here

8 Paul David points out Lo us that a fetter of Thomas Jefferson's on the
mfimte expansibility of ideas is an even earlier if nontechnical source of these
observations; see Kock and Peden {52, 629-630].

9 We say “infinite expansibility” rather than “nonrivalry”-—they have the
same meaning—because the posttive term seems to us more descriptive and
thus more useful than a negation (nonX just means everything but X).

19 Soe for wnstance Quah 615



-17-

need not be as strongly tied to the wsual systems of inteliectual property
rights.

Researchers 11 the economucs of science and knowiedge have long stud-
ted the wmpact on economic efficiency of alternative defimtions of what 1t
means to own and disclose a piece of knowledge. Dasgupta and David (18],
David [21,22}, Scotchmer [68], and Wright {76} are recent cxamples. The
patent system, a standard formalization of intellectual property nghts 1in
endogenous growth theery, is but one of several possibilities.

A first and likely the best-known of these 15 the system of patents. A
patent system grants monopoly nghts, for a definite time length, to the
onygnal creator or her agents to allow exclusive ownership and thus rent
extraction from that idea ar discovery. Although fegally distinct, copynights,
trade secrets, and design rights (see, e.g., Holyoak and Torremans {42]} can
all be tumped together with patents, and as a group constitute ntellectual
property proper.

A second systerm 15 one of publicly-financed prizes or research granis
awarded for proposals judged in competition with others. Fellowing a one-
time reward the knowledge becomes public property and can be freely used
by al! agents 1 the economy.

A third systen is where a public body contracts out 1n advance for a pece
of research to be undertaken. The findings from that research are typically
understood to be, again, available to all agents 1 the economy, although this
VArLes,

Reality contains few pure examples of these three possibilities, but taken
together they constitute a useful taxonomy.!' Patent systems i different
countries constitute versions of the first category. The second category m-
cludes, say, acadere research financed by the NSF i the US or the ESRC
in the UK. An exampie of the third would be military research. When the
research output goes directly into the public good called national defense,
henefits do accrue o all in the econcmy. The fndings of military research,
liowever, are not usually available m any detaii except perhaps 1n some M-
tated form.'? Both the second and third systems of idea creation would, 1n

' David (21| calls these, respectively, the 3 P's: Property, Patronage, and
Procurement.
2 A different example of the third—of intellectual property 1z general
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general, be financed from general taxation.

Wright | 76| studies the efficiency properties of the three alternative sys-
tems. Based on typical structures of individual fins” private information,
one would generally expect the patents system to be supenior for its empha~
sts on individual mcentives. Wright |76} shows that this mtuition can be
misleading, and that 1n many cases patronage and procurement mght well
dommate patents for preducing soaial efficiency. The principal reason 15 the
social externality costs in researchers working on closely related problems.

Similarly, Scotchmer {68 shows that even confining attention to the patent
system, once one takes into account the cumulative nature of research—that
discoveries build on carlier discoveries—the patent system 15 severeiy lim-
ited 1n being able to finetune appropnate mncentives for efficient outcomes.
Scotchmer too argues for greater refiance on patronage and procurement.

Tihese subtleties in alternative systems of intellectual property rights have
not yot been fully ncorporated in analyses of endogenous growth, This area
of tesearch seems to us potentially quite fruitful.

Scotchmer's analysis of economic agenis’ subsequently using an mitial dis-
cavery by a yet different agent 1s as example of the demand side of the market
for ideas. The companson to draw is with the supply side generating those
ideas. [n one mterpretation, all the endogenous growth models we reviewed
above focus only on the latter. Hefpman 140}, by contrast, considers a model
of inpovation and irmtation, where advanced and developmg economies are
explicitly identified. In Helpman’s dynamc general equilibrium analysis with
endogenous innovation, relaxing control over ntetlectual property rights can
be welfare-tmproving for all. That economic welfare nises 15 obvious for the
econommes doing the imitation. For those cconomes engaged m nnovation,
the general equilibrium consequences of having a faster growing, more pro-
ductive rest of the world can outweigh the welfare losses from detnmental
changes in terms of trade and the shift in patterns of innovation.

Acknowledgimg R&D as an engine of growth but, at the same time, rec-
ogmzmng the significance of incentives lughlights the importance of the eco-
nomics of knowledge. it is usefui then to note that Arrow’s observations on

afthough not research in the narrow sense—might be royal patronage to
support the musical creations of a Bach or Mezart. This example overlaps
also with the second category.
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knowledge do not end with just mfinite expansibility or nonnivalry. Knowl-
edge 15 also differentially and asymetrically known, mvolves setup costs in
use, and displays priority significance (the time series counterpart of the
winner-take-all Superstar befiavior m cross section studied 1 Rosen |67]).
Quah [62| kas used these observations to analyze further the demand side of
tire market 1 knowledge. Moreover, since computer software and many other
elements of the fast-growing weightless economy (Quah |61]) share properties
in commeon with knowledge, such analys:s takes on ncreased empirical rele-
vance, not just for understanding R&D and economic growth m particular,
but economic performance in general.

3 Empirical studies: R&D and the impact of
property rights on growth

Underlving tie idea creation n {14) ss a description of how profit-maximising
firms willingly generate mfinitely expansible ideas. Explicit examples of such
mechamsms are 1 Aginon and Howitt [5, Grossman and Helpman {36},
Jones {46], and Romer |65]).

The basic 1nsight 1s that frms agree to devote resources K,y to create new
knowledge because their contributions to (part of} A/A can be guaranteed
by mtellectual property nights. As Section 2 suggests, we are mindful of
tiie subtieties here. However, following most endogenous growth analyses,
we proceed by taking such rights to be described by patents. Viewed thus,
equation {14) embeds three key features:

i. The reiation between R, and 4/4 whereby paiented technology 15 an
input 1nto the production function;

2, The un-dimensionality of technelogy where 1t 15 enly the aggregate
patented stock of knowledge A that matters;

3. The public availability of 4 for researc:, even if it 15 protected for owner
use in production.

Several strands 1o the empirical literature on patents, R&D, and growth
can help m evajuating 1.-3. We sacrifice completeness for conciseness 1z
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describing the many important pieces of research done 1 this area. Where
empirical findings 1mportantly contradict theoretical assumptions, we suggest
ways to address these inconsistencies 1n future research.

We find that empirical work partly confirms 1. and 3. Empirieal research
suggests 2. 15 nadequate.

3.1 Resources and increases in knowledge

Begin by censidering tests of the relation between knowiedge inputs proxied
by R&D and outputs proxied by patents. A huge empirical literature devel-
oped m the 1980s on the relation between patents, R&D, and individual irm
performance (Grilickes 135( and Keely [49] provide surveys).

Three main resuits cmerge from this literature. Tirst, private sector
patents and R&D are strongly related only contemporaneously (Griliches,
Hall, and Hausman 138,39]). This result contradicts the intuition that there
ought to be a dynamic lagged relation Detween R&D mputs and outputs.
However, Jaffe {43} has provided evidenice that patenting occurs very carly
m the research process, while Pakes 159| shows that past R&D does have an
effect onr current patenting.

Second, patents help explamn Tobin's ¢ and total factor productivity
{TFP) mn firms, and R&:D effecis tend to be much larger and therefore more
umportast for firm performance than for the aggregate cconomy (Cockburn
and Griliches {14}, Hali |37], and Megna and Klock [58]). The distribu-
tion of patent values s highly skewed; mest patents are essentially worth-
tess {Schankerman [68]). When quality-wesghted with citation data, patent
counts have higher explanatory power (compared to urweighted counts) for
individual firme performance (Hall [37]). However, R&D almost always re-
miuns the more significant explanatory variable. These resulis make it doubt-
ful that patents accurately or meaningluily proxy knowledge output.

Third, this research points to the productivity slowdown in advanced
econormes, In the United States the patent/R&D ratio has markedly declined
over the last 30 years. At least three explanations have been given for this:
{i} exhaustion of research potential (Evensen |27, 28]); (i) expansion of mar-
kets leading to mcereased R&D competition and activity (Kortum (53]}; and



91—

(iii} decrease 1r the propensity to patent (Griliches [34| and Kortum [53]).1
Explanation {i} seems to us incomplete because if research opportuntties have
decreased, so should R&D investment decline. There need be no unambigu-
ous effect on the patent/R&D ratie. Kortum [33] examuned explanation {ii),
but found insuffictent demand growth to explain the mcerease in R&D activ-
ity. Griliches proposed that a decrease 1n the propensity to patent was due
to an mncrease m bureaueratic costs of patenting. A related explanation for
such a decline would be a change in the mix of innovations whereby fewer
imventions are patentable {Gittleman and Welf {31| and Keely [49}).

To summarize, the data show correlations between individual frm R&D
and patents, and between both R&D and patents on the one hand and firm
performance measures on the other. The nature of these correlations is, how-
ever, (acknowledged to bej ill understood. Moreover, the patent/R&D corre-
lation has been recently negative without conclusive correborating evidence
that 1nnovation productivity has fallen. Thus, while final conclusions remain
outstanding, a preliminary suggestion—one to which we are sympathetic—is
that patents do not at all do a good job of describing the effects of inrovation
on economic performance.

3.2 Significance of aggregate patented knowledge

Turn now to 2.: The knowledge stock that matters for rent appropriation 1s
the aggregate of patented outputs from private-sector R&D.

Perhaps the most important information on this is the survey summa-
nzed in Levin, Klevorick, Nelson, and Winter {54|. The maia conciusions of
this survey are well-known and will oniy be briefly re-stated here. Patents
were found to be a significant form of rent appropriation in only a few -
dustnies: drugs, plastic materials, inorgamc chemicals, organic chemicals,
and petrofeum refining. Overall, however, product and process patents were
found to be less effective than any other form of protection or appropriation.
Those afternative forms were identified to be secrecy, lead time, moving down
the learning curve, and sales or service. Deemed most important were the
second and third of these, most usefully viewed, perhaps, as sumpiy learning

13 Soete |70} summarnizes discussions of mismeasurement and short-termism
i R&D choce.
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effects.

The results from this survey cast doubt on the usefuiness of the private
R&D/patenting paradigm as well as that of of endogenous growth models
with perfect learning spillovers acress firms. Altering these models to be
consistent with these survey results seems to us a valuable enterprise, but
the implications of doing so have not yet been fully explored.

1t 15 not just profit-mmaximizing firms that perform R&D, Government and
umversitics do so too. Government-funded R&D constitutes one-third to one-
half of total R&D expenditures in the United States and several countries
of Europe (Feldman and Lichtenberg 129} and National Science Foundation
1096 [30]}.*" “T'his type of R&D is sometimes called “basic research” although
it s likely not research content that differs so much as the incentives of the
scientists involved (Dasgupta and David {18,19}). Academc and government
scientists do nat work for profit-maximizing firms. Their incentives will not
be to patent mnevations for appropriating rent, but rather to disclose new
knowledge in order to receive rewards associated with priority. Adams 12],
Griliches [33(, and Marsfield [57}, among others, have documented the post-
tive correlation between mdividual firms' “basic researeh” and their produc-
tivity zrowth. More recent work {e.g., Adams and Griliches |3, Cockburn
and Henderson [15], Henderson, Jaffe, and Trajtenberg |41}, Pavitt [60], and
Zucker, Darby, and Torero {77]} find evidence of knowledge spillovers between
private and acadermc science, This work documents the positive eflects of
these interactions on firm productivity.

The typical explanation for ignoring public R&D m endogenous growth
models is that such R&D must be subsidized and 15 freely available, There-
fore “the economies of this type of knowledge are refatively straightforward”
{D. Romer i63}). However, empirical work described above as well as theo-
retical models 1 industrial organization (e.g., Dasgupta {17} and Dasgupta
and Maskin [20]) indicate the effects of basic scientific research on economic
growth could well be important. Nor does the economic theory for under-
standing basic science seem, to us, at all straightforward.

4 The 1996 figures are: 34% United States, 32% United Kingdom, 37%
Germany, and about 45% m France and Italy.
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3.3 Dissemination and spillovers

Feature 3. 1n R&D endogenous growth says the knowledge stock s available
ta all potential inventors for further research. As noted in Section 2, when
discussing the neoclassical growth mechanism, equations (1} and (4) iz par-
ticular, there 15 no good reason to presume that 4 or A/4 are the same
across countries or even within countries. In different form, it 1s this same
1ssue that arises for endogencus growtl when one examines 3.

We consider the empnrical evidence in two steps. First, we look at micro-
and macro-economic evidence on whether such spillovers exist across eco-
nomic agents. Second, we examine evidence on fow large such spillovers
are, to see how much the same knowiedge stock 1s available to all. We will
conciude that spiliovers of knowledge do occur across agents and affect thesr
productivity, bui the spillovers are not uniform across physical and techno-
logacal focations.

Microeconomic evidence on physicat clustering of innovative activity 15
remarkably consistent across studies. Ciccone and Hall [13] conclude that
employment density increases labor productivity, supporting therefore the
view that knowledge spiilovers occur acress workers mn the same location.
Audretsch and Feldman 18] find that, even after controliing for production
denstty, industries where knowledge 15 a significant mput in production tend
physically to cluster innovations more than do other industries. Similarly,
Jaffe and Trajtenberg [44f and Jaffe, Trajtenberg, and Henderson [45{ show
that geographical proximity increases patent citations between nstitutions,
agawn controlling for production density within industries. Finally, apart
from physical location, & given firm's R&D productivity increases with the
R&D performed by all frms in the same industry, even though the individual
firm’s profitability might suffer {Jaffe {43]}.

We conclude from this evidence that knowledge spillovers do occur. How-
ever, the physical clustering of innovation suggests that spitlovers do not
happen automatically or completely.

Macroeconomic evidence too supports the hypothesis of knowledge spillovers,
although their extent and completeness remamn unclear. Much of the empir-
1cal research looks for spillovers in international data. In one mterpretation,
many R&D endogenous growth models are closed-ecenomy ones and thus are
silent on the issue of international diffusion. But significant exceptions exist,
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¢.¢., the models in Barro and Sala-i-Martin 110}, Grossman and Helpman {361,
and Helpman {40},

In an exampie of secking knowledge spiflovers within a macrocconomy,
Caballero and Jaffe [12{ use U.S. patent and citation data fo calibrate a
model of creative destruction and endogenous technological obsolescence and
diffusion. They estimate that diffusion of knowledge fTom patents occurs with
a mean lag of 1-2 years, but that the decrease over the 20th century :n patent
citation rate indicates a fall in the strength of those spillovers. The result s
a decline 1 growth of the public knowledge stock.

More studies are avatlable on R&D spillovers from advanced to devel-
oping countries. Coe, Helpman, and Hoffmester §16| document evidence of
spitlovers via TFP effects in developing countries. They find that TFP m a
typical developing couniry increases with a rise iz the couniry’s trade open-
ness, its average rate of secondary schooi enroliment, its import share from
advanced ecenotmies, and its import share of GDP. The effect of the foreign
R&D stock 1s strong but sgnificant only when mieracted with the mmport
share variable. This finding supports the view that knowledge spillovers
oceur only via a specific channet of economic interaction such as trade or
migration.

Bayoum, Coe, and Helpman (11| build on that earlier work in a modei
of R&D, spillovers, and endogencus growth, where R&D spillovers occur
through mmperts. In both papers, R&D influences growth through TFP
and capital accumulation. Simulations support the model as an empirically
accurate description of cross-country patterns of growth.

Anotier way to examme smperfect knowledge spillovers uses cross-country
regressions with the depesdent vanable being either own-country R&D (Git-
tlemas and Wolff [31]) or own-country intellectual property nights protection
{Gould and Grehen [32]). When any one country’s R&D stock or fow s
smatl refative to the entire world’s, then a significant effect of own R&D n
such 2 cross-country regression indicates that knowledge spillovers are n-
complete. Gittiernan and WolfT' [31] find that own R&D s insignificant 1n
the regression with all countries included. However, 1 subsamples chosen
by income levels, the regression coeffcient 15 positive for upper and middle
income countries (where almost all R&D occurs). Cross-country spillovers
therefore do occur but are mcamplete.’®

% Gould and Gruben 32| also report a positive and significant effect of
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In a senes of papers, Eaton and Kortum {24-26| develop and calibrate
a model of R&D, patenting, knowledge diffésion, and growth to estimate
the impact of foreign technology on productivity growth. They examine
the hypothesis that foreign technology s difficult to adopt. Productivity
ievels in the model are affected by the ability to innovate domestically and
the readiness to adopt foreign technologies. Therefore, although steady state
ircome growth rafes converge {o the same level, productivity fevel differences
persist across countries. Calibrations shiow consistency with actual growth
experiences of different countries. The bulk of technclogy prowth is estimated
te onginate i the U.5, Germany, and Japan.

To summanze, despite the differences 1n methodologies and emphases m
the studies above, the broad conclusion 1s that spillovers across regions do
occur. At the same time, however, these spillovers are generally incomplete,

3.4 Extensions

As discussed in Section 2, Jones 146] fas forcefully criticized R&D-driven
endogenous growth models by decumenting their empirical failure on scale
effects. The revision, suggested by Jones {46, posits that research effort du-
plication could preduce decreasing returns 1n the measured resources devoted
to R&D.

The spillovers results we have just reviewed suggest another possibility.
Although knowledge 35 in principle nfinitely expansible, there might be sig-
nificant obstacles to 1ts widespread use, even aside from protection m intel-
lectual property nghts. Examples that we have in mind given our review of
the evidence mclude the lack of contaet between scientists in different phys-
ical or technological areas, and the absence of an nfrastructure to introduce
and utilize new products or processes.

Therefore, a fruitful area of research is to identify the mechanisms by
which ecomomic interactions lead fo knowiedge spillovers. Understanding

intellectual property night protection os GDP growth. This confirms the
hypothesized importance of incentives for accumulating knowiedge and pro-
moting growth, a view which this paper mamntains. The fiading does not say,
however, that other less obvious forms of knowledge protection and dissemi-
nation might not aiso be unportant,
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such mechanisms would aid policy formulation when knowledge spillovers are
an important ehiannet for econamic growth. In other words, it might be usefui
to mcrease research emphasis on the use and dissemination of knowledge
on the demand side, not just study legal wstitutions on the supply side
that induce inpovation m profit-maximizing firms. Also of interest would be
to understand mechansms whereby researchers in non-market environments
create and disclose new ideas (e.g., Keely [50( and Weitzman [73}).

These two—dissemination on the demand side of the market for knowl-
edge and non-market institutions on the supply side—might well have effects
on economic growth that dommate the factors endogenous growtl: theory
traditionaily studies.

4 Conclusions

This paper has reviewed the development of R&D endogenous growth theory,
tracing the close relationship between carlier and more recent literatures.
The paper has compared that theoretical paradigm with empirical evidence
on the formation and diffusion of new ideas.

A consistent picture emerges. Economic theory emphasizes the 1mpor-
tance for growth of incentives i the production of useful knowledge, and,
more generally, the significance of intellectual property rights. The frame-
work of private-sector R&D as mpus and intellectual property as autput clar-
ifies those mcentives for mnovation by profit-maximizing firms. This view 1s
one that sees some empirical support i economic data.

However, this framework 18 an incomplete one for understanding ecopomic
growth and the process of idea creation.

First, it 15 not just private sector, profit-maximizing firms that generate
the bulk of useful knowledge. Governments and academics do so as well.
Incentive structures in this broader nonmarket context are subtle but no less
important for economc growth.

Second, it is not just patents that provide property nghts to knowledge.
Alternative structures that do so are arguably more important in reality, and
mareover provide incentive and efficiency implications that differ profoundly
from those of a patent system.

These extensions and complications have yet to be incorporated into mod-
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efs of R&D and endogenous growth. The payoffs to domng so are likely lugh
for understanding the effects of policy on growth.
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Fig. 1: Neoclassical growth and convergence The function FlRY- s
continuous, and tends to mfmty and zero as & tends to zero and mfinity, re-
spectively, Moreover, 1t 15 guaranteed to be monotone strictly decreasing. The
vertical distance between f(k/f&}[}k}ﬂi“‘ and (§-+w+E3r~ s 7k A/ kAL
Convergence to steady state k/Al" therefore accurs for all initial values k4.
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Fig. 2: Growth and convergence in the neoclassicai model Figure
shaws two different possible steady state paths—corresponding to two possi-
ble vaiues for Djg = g((§ + v + &) 7' 7) + log 4;(0). As long as this remains
unobserved or unrestricted, any pattern of cross-country growth and conver-
gence is consistent with the medel, As drawn, the a value applies to economies
at 1 (0) and 1,(0) while the & vahe to 1,{0) and y;(0). Economies | and 2
converge towards each other, and similarly economues 3 and 4. At the same
time, however, economies 2 and 3, aithough each obeying the neoclassical
growth model, are scen to approach one another, criss-cross, and then to
diverge.





